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Abstract. We present the results of a detailed correlation study between the soft X-ray, hard X-ray, and radio
emission (obtained from RXTE ASM , BATSE, and GBI observations, respectively) of the bright radio emitting
Galactic X-ray binary Cygnus X-3. We detect a very strong positive correlation between the soft X-ray and radio
emission during the low-hard and minor flaring periods of the source, and an anti-correlation between the soft
and hard X-ray emissions. We present statistical arguments to suggest that the anti-correlation between the radio
and hard X-ray emission, reported earlier, is primarily due to their correlation and anti-correlation, respectively,
with the soft X-ray emission. We make a wide band X-ray spectral study using the pointed RXTE observations
and detect a pivotal behaviour in the X-ray spectrum, with the total X-ray emission remaining the same. We
argue that this X-ray spectral pivoting is responsible for the anti-correlation between the soft and hard X-ray
emissions. The strong correlation between the soft X-ray and radio emission suggests a close link between the
accreting mechanism, plasma cloud surrounding the compact object and the radio emission. We propose that the
radio emission comes from a region embedded in the plasma cloud, most probably a weak jet originating close to
the compact object, and that the radio flux can be predicted from the shape of the X-ray spectrum. A regular
long term multi-wavelength pointed monitoring of the source will provide a denite observational handle to probe
the disk-jet connection in the system.
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1. Introduction
Cygnus X-3 is the brightest radio source ever associated
with an X-ray binary, in both quiescent and flare states
(Waltman et al.1995). It is located at a distance of 9 kpc
(Prehedl et al.2000) in the Galactic plane in one of the
arms. It exhibits multiple radio outbursts correlated with
the high-soft state in the X-ray emission (Watanebe et
al.1994). These outbursts are likely to originate in mass
transfer instabilities (Fender et al.1999). The VLBI ob-
servations of one such major flare revealed a core jet
(Mioduszewski et al.2001), although it is not unambigu-
ously resolved whether the jet is one-sided or two-sided
(Marti et al.2001). Watanebe et al.(1994) also suggest a
correlation between the soft X-ray (as observed by ASM
aboard the Ginga observatory) and the quiescent radio
emission (as seen by the GBI), during the low-hard state.
McCollough et al.(1999) give a detailed correlation test be-
tween the hard X-ray (as observed by the BATSE aboard
the CGRO) and the radio (GBI), in the various states of
radio and X-ray emission. They report 1) anti-correlation
between the radio and hard X-ray emission during the qui-
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escent period, 2) correlation between the radio and hard
X-ray emission during the major flaring period, and 3)
no correlation between the radio and hard X-ray emission
during the minor flaring period.
The (quasi) simultaneous observations of X-ray bina-
ries in the radio and X-ray bands has led to the notion
that the presence of radio jets is ubiquitous in sources
with black holes or low magnetic eld (≤ 109G) neutron
stars as compact objects and these sources show a de-
nite connection between the accretion (inflow) mechanism
and the jet (outflow) formation (see Fender 2001 for a re-
view). Correlation between radio and soft X-ray emission
has been established for at least two Galactic blackhole
candidates (BHCs), Cygnus X-1 (Brocksopp et al.1999)
and GX 339-4 (Corbel et al.2000). In this Letter we report
the detection of a very strong correlation between the soft
X-ray (as seen by the ASM aboard the RXTE) and the ra-
dio (GBI) during the low-hard and minor flaring state of
Cygnus X-3, along with an anti-correlation between the
hard X-ray (BATSE) and both soft X-ray (ASM) and
radio (GBI) emissions. The soft X-ray:radio correlation
is denitely stronger and more signicant than the anti-
correlation between the hard X-ray and the soft X-ray
(and radio). Wide band spectral analysis, with pointed
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Fig. 1. The combined simultaneous lightcurve of Cygnus X-
3 in the soft X-ray (ASM, top panel), hard X-ray (BATSE,
middle panel) and the radio (GBI, bottom panel). The various
‘states’ of the source are separated by vertical dashed lines
and identied with numbers. The arrows on the region 3 (MJD
50717) and 4 (MJD 50914) on top panel give the days for which
wideband X-ray spectral studies are carried out.
observations from RXTE, shows that during the low-hard
state, the soft X-ray flux, normally accredited as due to
the mass inflow, has a direct connection with the radio
emission. The spectral tting suggests that radio emis-
sion is intimately related to the physical condition of the
plasma cloud close to the compact object.
2. Data and Analysis
The daily monitoring data is obtained from the archives
of the respective observatories: soft X-ray, in the en-
ergy range 2-10 keV, from ASM (all sky monitor aboard
RXTE - Levine et al.1996), hard X-ray in the energy
range 20-600 keV from BATSE (Burst And Transient
Spectrometer Experiment aboard CGRO) and radio at 2.3
GHz and 8.3 GHz from GBI (Green Bank Interferometer,
at Green Bank site, West Virginia, operated by NRAO).
The pointed observations of both the narrow eld of
view instruments aboard the RXTE, viz. PCA (Jahoda
et al.1996) and HEXTE (Rothschild et al.1998) are anal-
ysed for wide-band spectral study by combining the data
from both, which include 129 channel PHA data from
PCA standard-2 data (all PCUs added) and 64 channel
data from the Cluster-0 of HEXTE. After analysing data
from the Crab nebula, Vadawale et al.2001 suggest using
only Cluster-0 data from HEXTE and adding a system-
atic error of 2% to PCA data for a proper t, and we
have followed the same recipe. The basic data reduction
and analysis was carried out using FTOOLS (V5.0) and
XSPEC (V11.0).
In Figure 1 we plot the daily averaged lightcurve of
Cygnus X-3 as seen by ASM (top panel), BATSE (mid-
dle panel) and GBI (2.3 GHz, bottom panel), during the
Fig. 2. The variation of flux in radio (GBI, 2.3 GHz, shown
as plus signs) and hard X-ray (BATSE, 20-600 keV, shown as
circles) with soft X-ray (ASM, 2-10 keV), during the low-hard
state of Cygnus X-3 (region 4 of Figure 1). Each data point is
an average value for 10 days.
period when all these three detectors were simultaneously
monitoring the source. Historically, the behaviour of ra-
dio emission in Cygnus X-3 is classied into: 1) quiescent
period (∼ 60{100 mJy), 2) major flaring (≥ 1Jy) with a
preceding quenched state (∼ 10{20 mJy), and 3) minor
flaring (≥ 100{150mJy) with partial quenching state (see
Waltman et al.1995; McCollough et al. 1999). We have
demarcated four regions in Figure 1, region 1 and 4 cor-
responding to the quiescent state (although region 4 con-
tains two minor flares along with the long quiescent pe-
riod), region 2 corresponding to the major flaring state
and region 3 corresponding to the minor flaring state.
To test for the correlation among the soft X-ray, hard
X-ray and the radio emission we have used the Spearman
Rank Correlation (SRC) coecient. We have adopted the
method prescribed by Macklin (1982) and have derived the
corresponding D-parameter, which gives the condence
level, in terms of standard deviations, that the derived
correlation is not due to the influence of the third param-
eter. Table 1 shows the SRC coecient, null hypothesis
probability and the D-parameter, using 10 day averages
of the data for the dierent periods (and their combina-
tion) as demarcated in Figure 1. Reducing the number of
days for averaging does not signicantly change the re-
sults. The number of data points in region 1 (of Figure
1) is meagre and hence is not included in the correlation
tests, it is shown in the gure just for the sake of com-
pleteness.
The most interesting result is that the soft X-ray and
radio are very strongly correlated, with a very high sig-
nicance level, in region 4 and regions 3 & 4 combined. It
can also be ruled out (at > 5 σ level) that this correlation
is influenced by the third parameter, the hard X-ray emis-
sion. Though these two parameters are correlated even in
the flaring state (region 2) at a much reduced signicance
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level, the correlation tests in this region could be influ-
enced by the high variability at time scales shorter than
the period chosen for taking the averages (10 days). Hence
we concentrate on the results obtained for region 4 and re-
gion 3 & 4 combined. It is also found that the soft X-ray
is anti-correlated with the hard X-ray emission. The anti-
correlation between the radio and hard X-ray emission,
though strong, could be influenced by the other two cor-
relations, particularly when we examine the data for the
region 3 & 4 combined. The similarity of the behaviour
of region 4 and regions 3 & 4 combined suggest that the
emission mechanism during the minor flaring and the qui-
escent period are the same, and hence these two can be
clubbed together as one class.
In Figure 2 we plot the variation of flux in radio and
hard X-ray with soft X-ray, during the low-hard state of
Cygnus X-3 (region 4 of Figure 1). It clearly demonstrates
the simple monotonic dependence of the radio with the
soft X-ray (ASM) during the few hundred days covering
the quiescent period along with two minor flares. The anti-
correlation between the hard X-ray and soft X-ray emis-
sions is also evident from the gure. To investigate the X-
ray spectral properties in more detail, we have analysed
the X-ray spectral data from the pointed observations us-
ing PCA and HEXTE. Unfortunately, these observations
have not uniformly sampled the low-hard state. We have
selected two observations, which provide two snapshots of
the X-ray spectral characteristics, one during the high-
est radio emission and the other during the lowest ra-
dio emission. Since the variation of the radio properties
is monotonic with the X-ray emission, these two extreme
snap-shots are sucient to determine a satisfactory phys-
ical picture of the soft X-ray corresponding to radio emis-
sion. We analyse the wide-band X-ray spectra of two such
pointed observations (marked on the top panel of Figure
1) when i) the radio emission is 118 mJy at 2.3 GHz and
205 mJy at 8.3 GHz (MJD 50717, region 3 of Figure 1),
and ii) the radio emission is 49 mJy at 2.3 GHz and 80
mJy at 8.3 GHz (MJD 50954, region 4 of Figure 1). The
unfolded spectra are overlaid on the top panel of Figure
3 with their PHA ratio in the bottom panel. The flux in
the X-ray (5-60 keV), and the radio frequencies (2.2 GHz
& 8.3 GHz) are given in Table 2.
Analogous to typical Galactic BHCs, X-ray charac-
teristics of Cygnus X-3 exhibit two states: high-soft and
low-hard. In the low-hard state, the comptonization of
seed photons from a thermal multi-coloured accretion disk
by a thermal Comptonizing plasma cloud (Sunyaev &
Titarchuk 1980; Nakamura et al.1993; 1994) along with a
non-thermal powerlaw emission (Choudhury & Rao 2001)
describes the continuum spectra (5-150 keV). The resolu-
tion of the three Fe lines (Kitamoto et al.1994) and the two
absorption edges (Rajeev et al.1994) are beyond the capa-
bility of the PCA, hence we x the relative separation of
line and edge energies as reported by Rajeev et al. (1994),
Nakamura et al. (1993), and Kitamoto et al. (1994) and
treat the edge energy at 7.1 keV and the normalization of
all the lines and edges as the variable parameters in the
Fig. 3. Top panel: The unfolded X-ray spectra of Cygnus X-3
during the radio quiescent period. State 1 is on MJD 50717 and
state 2 is on MJD 50954. Bottom panel: PHA ratio of state 1
spectra to that of state 2 spectra.
Table 1. The Spearman Rank Correlation (SRC) coecient,
null-hypothesis probability and D-parameter between the ra-
dio, soft X-ray and hard X-ray for dierent periods demarcated
in Figure 1.
SRC coe. Null Prob. D-Parameter
Region 4
ASM:GBI 0.84 6.310−11 5.2
GBI:BATSE −0.75 9.210−11 −2.7
ASM:BATSE −0.74 3.110−11 −2.2
Region 3
ASM:GBI 0.66 8.310−4 2.7
GBI:BATSE −0.43 4.710−2 0.4
ASM:BATSE −0.71 1.910−4 −3.2
Region 2
ASM:GBI 0.56 3.510−3 4.1
GBI:BATSE 0.10 6.310−1 2.7
ASM:BATSE −0.50 1.110−2 −3.8
Region 3 & 4
ASM:GBI 0.83 2.0810−20 6.2
GBI:BATSE −0.72 4.710−13 −1.5
ASM:BATSE −0.79 4.110−17 −3.8
t. The best t values of the model parameters of the two
spectra are given in Table 3.
The spectra shows a unique pivoting with respect to
the radio emission (Figure 3). The X-ray flux below 12.5
keV increases by a factor of ∼1.5, corresponding to a fac-
tor of ∼2.5 increase in the radio flux (Table 2). The mono-
tonic variation of radio with soft X-ray (Figure 2) and the
pivoting of the X-ray spectra with respect to the radio
emission (Figure 3) suggest a direct relation between the
X-ray spectral shape and the radio emission, i.e. it is pos-
sible to predict the radio emission from the shape of the
X-ray spectra. The best t parameters (Table 3) show a
denite trend of decreasing optical depth of the thermal
Comptonizing cloud with increase in the soft X-ray flux,
with a corresponding increase in the radio emission and
decrease in the hard X-ray flux. Hence it is imperative
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Table 2. The flux of Cygnus X-3 in X-ray (5-60 keV) and radio (2.2 GHz & 8.3 GHz).
Flux in X-ray (10−9erg/cm2) Flux in radio (mJy)
MJD 5-12.5 keV 12.5-60 keV 5-60.0 keV 2.2 GHz 8.3 GHz
50717 2.85 2.61 5.46 119 205
50954 1.94 3.64 5.58 48 80
Table 3. The best t spectral parameters of the model components describing the continuum spectra of Cygnus X-3.
CompST Powerlaw Statistics
MJD kT(keV) τ norm. Γx norm χ
2 deg. of Freedom
50717 5.09 10.51 0.62 2.55 1.91 0.74 86
50954 4.87 25.94 0.04 2.01 0.49 1.42 108
that the absorption in the cloud plays a very important
role in determining the total emission in the radio (as well
as soft X-ray), which further suggests that the radio emis-
sion is intimately related to the core, inside the thermal
Comptonizing plasma cloud. The total flux in the wide
energy band (5-60 keV) in X-ray remains constant, the
increase in soft X-ray (5-12.5 keV) is at the expense of
corresponding decrease in the hard X-ray (12.5-60 keV)
flux (Table 2). Thus, in the low-hard state, the follow-
ing picture emerges: 1) the physical process causing the
soft X-ray emission, generally attributed to the accretion
phenomenon (inflow of matter), is the causal factor de-
termining the resultant flux of radio emission (outflow of
matter), 2) the radio emission is coming from a rather
weak jet (outflow), embedded inside the thermal plasma
cloud whose opacity determines the amount of radio flux
coming out, 3) the physical processes giving rise to soft
and hard X-ray emissions are competing with each other,
resulting in the anti-correlation. The decreasing opacity
of the thermal Comptonizing plasma cloud plays a ma-
jor role in the X-ray state transition from low-hard to the
high-soft state (Rajeev et al.1994), with a corresponding
change in the radio emission. Here we show that it plays
a similar role in a very small scale of change within the
precincts of the low-hard state.
3. Discussion and Conclusion
Although Galactic BHCs exhibit radio jets during the
low-hard state, viz. Cygnus X-1 (Brocksopp et al.1999),
GX339-4 (Corbel et al.2000), GRS1915+105 (Dhawan et
al.2000), XTEJ1550-534 (Corbel et al.2001), 1E1740.7
(Mirabel et al.1992), GRS1758-258 (Rodriguez et al.1992),
a detailed correlation among the radio, soft and hard X-
ray emission is done for a very few sources, viz. Cygnus
X-1 and GX339-4. The behaviour of these two BHCs are
quite dierent from that of Cygnus X-3. Cygnus X-3 is
the only source that shows such a strong correlation be-
tween soft X-ray and radio, and it is also the only source to
distinctly show the anti-correlation between the soft and
hard X-rays, during the low-hard state. The pivoting of
the spectra at about 12.5 keV suggests a direct coupling
between the soft X-ray emission and the radio jet, and also
that the soft and hard X-ray emission compete with each
other, resulting in the anti-correlation. The physical con-
ditions of Comptonizing plasma cloud play a major role
in controlling the radio and soft X-ray emission from the
binary system. Fender (1999) discuss the variation of the
local opacity during the major radio flaring period, and
gives a qualitative model for the accretion and jet for-
mation in the binary system. Smith et al. (2001) propose
an interesting model of two independent accretion flows
in BHCs, including Cygnus X-3, but, a long-term coor-
dinated multiwavelength monitoring is needed to discuss
any of the models quantitatively.
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